a Objective: Here we evaluated whether neurocognitive disorders in HIV-infected individuals on effective antiretroviral therapy (ART) are associated with persistent monocyte activation as indexed by levels of soluble CD163 (sCD163), shed by monocyte/macrophages.
Introduction
Despite antiretroviral therapy (ART) that successfully reduces plasma viral load to undetectable levels and restores immune function, there remains an excess burden of neurocognitive disability in HIV-infected individuals. Potential explanations for the persistence of HIVassociated neurocognitive disorders (HAND) despite virologic suppression include irreversible prior injury, low-level viral replication not detected by available assays, central nervous system (CNS) toxicities of antiretrovirals and persistent immune activation. Previous work has focused on activation of T lymphocytes -measured, for example, as CD8 þ HLA-DR þ CD38 þ T cells -in virally suppressed individuals [1, 2] . Lymphocyte activation has been linked to depletion of CD4 þ T cells in gut lymphoid tissue, resulting in microbial translocation [3] [4] [5] [6] . However, activation specifically involving cells of the monocyte-macrophage lineage may be most relevant for CNS disease and is understudied.
We have recently described that monocyte expansion from bone marrow during SIV infection correlates with the rate of AIDS progression and severity of macrophagemediated tissue pathogenesis [7, 8] . We examined sCD163 plasma levels in chronic and early HIV-infected patients and demonstrated elevated sCD163 in plasma of chronic (>1 year) HIV-infected individuals compared with HIVseronegatives [9] . In the same study with effective antiretroviral therapy (ART), sCD163 declined in parallel to HIV-RNA, but did not return to HIV-seronegative levels, suggesting residual monocyte/macrophage activation even with undetectable virus [9] . Interestingly, with early HIV infection (<1 year), ART decreased sCD163 in plasma to levels similar to those in seronegative controls [9] . Thus, we showed that monocyte/macrophage-derived sCD163 is a novel marker of HIV activity that links viral replication with monocyte/macrophage activation. sCD163 is not only a marker of HIVactivity, but correlates with macrophage inflammation in coronary atherosclerosis (noncalcified plaques) [10] . Moreover, sCD163 correlates with vascular inflammation in HIV patients demonstrated by FDG-PET, which directly reflects endothelial and macrophage activation and metabolic activity [11] . This increased inflammation is not related to traditional markers of coronary inflammation, such as CRP and D-dimer, but strongly correlated with sCD163.
In this study, we sought to determine the role of monocyte activation in persistent neurocognitive impairment in HIV-infected individuals on ART with durable virologic suppression. Monocyte activation was estimated via sCD163 plasma and CSF levels, as CD163 is cleaved from the surface of macrophages and shed as sCD163 following activation and differentiation of monocyte and macrophages [12] . We hypothesized that virologically suppressed HIV-infected patients would show persistent activation of monocytes in blood that correlates with HAND and so this would be the first monocyte/ macrophage-specific marker in plasma that correlated with neuropsychological impairment in HIV-infected patients on effective ART. Additionally, we re-evaluated sCD163 levels and neurocognitive status at a follow-up visit where virologic suppression was maintained in order to determine both the stability of neurocognitive status and its relation to persistent monocyte activation as indexed by sCD163. The utility of sCD163 was assessed by comparing it to other markers that have shown promise in previous studies including sCD14 [13] [14] [15] [16] , MCP-1 [17] [18] [19] , and neopterin [20] [21] [22] .
Material and methods

Ethics statement
The University of California San Diego (UCSD) Human Research Protection Program approved the current study and all study participants provided written informed consent to participate.
Participants
All study volunteers were enrolled at the UCSD site of the NIH-funded CNS HIV Antiretroviral Therapy Effects Research (CHARTER) study or the UCSD HIV Neurobehavioral Research Program. Exclusion criteria included: neurologic disorder not related to HIV infection (e.g. stroke, uncontrolled seizure disorder, head injury with loss of consciousness for longer than 30 min); current or past psychotic disorder (e.g. schizophrenia) not related to stimulant or other substance use; conditions that prevent use of consistent neurocognitive testing (e.g. severe visual or hearing impairment); and participants less than 18 years of age. At the time of neurocognitive testing, participants reported no use of illicit substances in the past week (excluding marijuana) and were required to have a negative toxicology screen. Plasma from EDTA-anticoagulated blood and CSF were obtained from HIV-infected individuals on ARTat two time points [median interquartile range (IQR) interval between visits 16 (7-32) months] and from 34 similarly age-matched HIV-seronegative individuals (HIV negative). All HIVinfected patients were on ART and durably virologically suppressed (plasma HIV RNA <50 copies/ml at all visits) at visits A and B and all visits in between.
HIV RNA quantitation An ultrasensitive [lower limit of detection ¼ 50 (1.7 log 10 ) copies RNA/ml] was used for plasma and CSF viral load quantification as previously described [9] .
Neuropsychological assessment
All participants completed a comprehensive neurocognitive test battery covering seven cognitive domains, which are commonly affected by HIV-associated CNS dysfunction. The battery has been described in detail previously [23] . The seven domains assessed were speed of information processing, learning, memory, executive functioning, verbal fluency, attention/working memory, and motor skills. Raw test scores were converted to demographically adjusted normative standard scores (T scores), which correct for effects of age, education, sex and ethnicity, as appropriate [24] . Overall neurocognitive performance was summarized as Global Deficit Scores (GDS), which range from 0 (T-score >39) to 5 (T-score <20), with higher scores indicating greater levels of impairment [25] . Patients with GDS greater than or equal to 0.5 were classified as neurocognitively impaired.
To further classify presence and severity of neurocognitive impairment, we applied a published objective algorithm that has been shown to yield excellent interrater reliability in previous multisite studies [26] . This algorithm conforms to the Frascati criteria for diagnosing HAND [27] , which requires at least mild impairment in at least two of the seven ability domains. HIV-associated neurocognitive disorders (HAND) were diagnosed according to criteria outlined in Antinori et al. [27] . Briefly, asymptomatic neurocognitive impairment (ANI) and mild neurocognitive disorder (MND) both require the presence of at least mild neuropsychological impairment that involves two or more ability domains, and is not readily attributable to comorbid conditions. ANI is asymptomatic in the sense that specified criteria for establishing at least mild negative effects on everyday functioning have not been met. MND requires additional functional decline, established by at least two types of evidence regarding decreased everyday functioning. HIVassociated dementia (HAD), requires overall neuropsychological impairment of at least moderate severity that is not readily attributable to comorbid conditions. In addition, 'major' functional decline must be established by evidence of at least two types of everyday functioning problems that are of greater severity than with MND. Functional impairment was measured both by self-report and performance-based measures as described in Blackstone et al. [28] .
ELISA assays sCD163 was detected by ELISA (Trillium Diagnostics) in the plasma and CSF according to the manufacturer's instructions. Plasma was diluted 1 : 500 and CSF was diluted 1 : 250 for sCD163 quantitation. sCD14 was detected by ELISA (R&D Systems) in the plasma and CSF according to the manufacturer's instructions. Plasma and CSF samples were diluted 1 : 200 for sCD14 quantitation. In addition, ELISAs were utilized to quantify CSF levels of monocyte chemotactic protein-1 (MCP-1) and neopterin according to the manufacturer's instructions (R&D Systems and ImmunoBiological Laboratories, respectively). CSF samples were diluted 1 : 2 for the MCP-1 quantitation, and were undiluted for the neopterin ELISA.
Statistical analysis
Prism version 5.0a (GraphPad Software, Inc.) software or Microsoft Excel version 12.2.4 were used for statistical analysis. An ANOVA was first performed for analysis of variation among groups of data. If the ANOVA was significant (P < 0.05), then post-hoc t-tests were performed. Paired t-tests were used for all matched samples. A Spearman rank test was used for all correlations.
Results Table 1 provides demographic and clinical information at baseline for the 68 study participants, including 34 healthy HIV seronegative controls and 34 HIV-infected individuals on effective ART with undetectable viral loads. Overall, HIV-infected patients were mostly middle-aged white men (mean age of 43, 91% male, 68% white) with 50% patients having AIDS (CDC category C and/or CD4 cell count <200 cells/ml). The HIV-positive and HIV-negative groups were well matched with respect to demographics and education. The HIV-positive group had experienced significant immune recovery on their ART, from a median nadir CD4 cell count of 218 cells/ml to a current CD4 cell count of 628 cells/ml. Despite virologic suppression on antiretroviral therapy, HIV-positive patients had higher plasma sCD163 levels than HIV negative (P ¼ 0.01; Table 3 ). Plasma sCD14 and CSF neopterin were also significantly elevated in HIV-positive patients (0.03 and P < 0.0001, respectively, Table 3 ). sCD163, sCD14, and MCP-1 in CSF were not significantly different between HIV-negative and HIV-positive patients (Table 3) .
At the initial visit, 19 HIV-positive patients were neurocognitively normal (NP-nml) and 15 met criteria for HAND, including six (40%) MND and nine (60%) ANI (Table 1) . Those with and without HAND were well matched demographically and on HIV disease and treatment variables (Table 1) . Patients with MND had significantly higher plasma sCD163 than ANI (P ¼ 0.04) or NP-nml (P ¼ 0.02) (Fig. 1a) . was elevated in the plasma of HIV-infected patients with GDS impairment (b, P ¼ 0.028). Of the 13 patients who were GDSimpaired at the first visit, 10 remained impaired at the second visit, and all but one of the 21 GDS-unimpaired patients remained normal. Whereas plasma sCD163 levels dropped in patients who were stably GDS-unimpaired across visits (c, P < 0.032, paired t-test), levels remained elevated in those who remained GDS-impaired (d, P ¼ 0.50, paired t-test). Patients were also classified as impaired or normal in individual cognitive tests. sCD163 was elevated in patients with executive impairment (e, P ¼ 0.029), and learning impairment (f, P ¼ 0.005).
not significantly different between neuropsychologicalnml, ANI and MND (data not shown).
When overall neurocognitive performance was summarized using Global Deficit Scores (GDS), 21 HIV-positive patients were identified, as GDS normal and 13 (38%) were GDS impaired at the initial visit (Table 2) . GDSimpaired patients had higher plasma sCD163 than those who were not impaired [median (IQR) 1401 ng/ml (1057-2258) versus 955 ng/ml (586-1313); Wilcoxon P ¼ 0.028] (Fig. 1b) .
HIV-positive participants were examined at two visits at least 6 months apart [median 16 .1 (IQR 6.8-31.9)]. Of the 13 patients who were GDS-impaired at the first visit, 10 remained impaired at the second visit, and all but one of the 21 GDS-unimpaired patients remained normal. All patients remained HIV-undetectable on their ART regimens. Whereas plasma sCD163 levels dropped in patients who were stably GDS-unimpaired across visits (P < 0.032) (Fig. 1c) , levels remained elevated in those who remained GDS-impaired (P ¼ 0.50) (Fig. 1d) .
When examining individual neuropsychological domains as read-outs we found elevated sCD163 in patients with impaired executive functions and learning ( Fig. 1e and f) . Patients who were impaired in the learning domain had significantly higher sCD163 in plasma than learning normal HIV-infected patients ( Fig. 1e , P ¼ 0.005). Furthermore, patients with executive dysfunction had significantly higher sCD163 in plasma than executive normal HIV-infected patients ( Fig. 1f , P ¼ 0.029). These results are consistent with observations by others that executive and learning functions are impaired in HIVinfected patients with effective ART [23] .
Following the observations above, we sought to determine if these markers changed or stabilized with long-term viral suppression [at least 6 months median 16 .1 (IQR 6.8-31.9)]. Plasma sCD163 at visit A (1343.0 AE 161.4 ng/ml) significantly decreased when compared with plasma sCD163 at visit B (1122.9 AE 123.7 ng/ml) ( (Table 3 ).
In addition to sCD163 in plasma we found that neopterin in CSF is elevated in GDS impaired HIV-infected patients compared with GDS normal HIV-infected patients (P ¼ 0.03) (Fig. 2a) . Patients who were impaired in the executive domain had significantly higher neopterin in CSF than executive normal HIV-infected patients (P ¼ 0.037) (Fig. 2b) . We did not detect a significant difference between plasma or CSF sCD14, CSF MCP-1, or CSF sCD163 between neurophysiologically impaired and neurophysiologically normal HIV-infected patients (data not shown). In HIV-infected patients, plasma sCD163 and CSF neopterin levels were significantly correlated (Spearman rho ¼ 0.37, P ¼ 0.03) (Fig. 2c) .
Discussion
Here we have demonstrated that neuropsychological impairment in virologically suppressed HIV-infected individuals was associated with a sustained elevation of the monocyte/macrophage activation marker sCD163 as compared to NP-nml patients, in whom sCD163 levels declined. We report elevated levels of sCD163 in patients with impaired GDS and MND demonstrating persistent monocyte/macrophage activation in HIV-related neuropsychological impairment despite virologic suppression.
Prior studies have shown that sCD14 [13] [14] [15] [16] and MCP-1 [17] [18] [19] were associated with HIV and/or HAD, but these markers are less reliable as correlates of HAND in patients with durable virologic suppression on ART [15, 29, 30] . Unlike sCD163, sCD14, and MCP-1 in our study did not correlate with HIV-associated neuropsychological impairment. Elevated intracellular HIV-DNA in circulating monocytes functions as a marker of HAND in ART patients with suppressed plasma HIV RNA [31] . Additionally, HIV DNA in monocytes increased in patients with persistent HAND [32, 33] . We find similar observations in our studies with regard to sCD163. Together these data are consistent with the hypothesized role of persisting monocyte/macrophage infection and activation in HIV-related neurocognitive impairment despite virologic suppression [23, 34] . Moreover, these results underscore the utility of sCD163 as a plasma marker of neuropsychological impairment in HIV and focus attention on the role of monocyte/macrophage outside the CNS in CNS diseases. A recent study (CHARTER) [23] used the Frascati criteria [27] to diagnostically classify 1555 HIV-infected individuals at six university clinics across the United States. Most of these (71%) were taking combination antiretroviral therapies and had experienced substantial immune reconstitution. In the total cohort, 52% were neuropsychologically impaired and the most frequently affected domains were learning, executive functioning, recall, and working memory. Rates of specific HAND diagnoses were as follows: ANI, 32.7%; MND, 11.7%; HAD, 2.4%. Extrapolating these figures to the larger population of HIV-infected individuals, the estimated prevalence of HAND is equal to or greater than that for multiple sclerosis in the United States. Consistent with 1392 AIDS 2013, Vol 27 No 9 other studies [35, 36] and compared to HAND estimates from before the introduction of highly effective combination antiretroviral therapies, these figures demonstrate that the overall prevalence of HAND has not declined. Although the burden of the most severe form, HAD, has dropped markedly, milder degrees of impairment continue to be as prevalent as they were in previous eras. This has raised questions about the causes of persisting impairment.
Even milder HIV-associated neurocognitive disorders such as MND can have considerable impact on daily functioning. The burden of this functional decline is amplified by the extended survival that many of these individuals can expect on effective antiretroviral therapy. Deficits in everyday, 'real world' functioning affect only a subset of individuals and are generally only evident in more complex tasks such as financial management, meal preparation, and medication adherence. HIV-associated neurocognitive impairment has been established as a robust risk factor for unemployment and decreased job performance [24] , nonadherence to antiretroviral medications [37] , and impairment in certain driving abilities [38] .
Higher plasma sCD163 levels were specifically associated with impairments in the neuropsychological domains of executive functions and learning, two of the most common and consistent areas of cognitive impairment in the ART era [23] . Global impairment is higher among asymptomatic patients in the ART versus pre-ART era, and this increase in global impairment is primarily driven by an escalation of deficits in episodic memory and executive functions [23] .
We did not find significant levels of sCD163 in the CSF of HIV-infected patients with durable virologic suppression compared with seronegative individuals and sCD163 in CSF did not correlate with neurological impairment. Whether sCD163 is shed in the CSF as efficiently as plasma is not known. CNS macrophages including perivascular macrophages that are in the perivascular space, which is in contact with CSF, and some parenchymal microglia have CD163 on their surface [39, 40] . The majority of monocytes express CD163 and activated CD14 þ CD16 þ monocyte/macrophage are implicated as a significant source of sCD163 in plasma [9, 39, 41] . Our data and others on CD163 levels on CD14 þ
CD16
þ monocytes [39, 40] , as well as data demonstrating an association of HIV-DNA in circulating monocytes with HAND [31] [32] [33] 42] , suggest that the pathological events that led to nervous system injury may originate outside of the nervous system.
Our data are consistent with persistent monocyte/ macrophage activation in HAND. The cause of persistent activation is not known, but likely results in part from bacterial translocation, coinfection (although our patients were CMV negative), and other factors. Because we did not find that sCD14 was a marker of neuropsychological impairment, future studies on monocyte/macrophage mechanisms of HIV-associated neuropsychological impairment may point to differential activation of monocyte/macrophages.
That plasma sCD163 correlates with neurological impairment is opportune, as plasma is easier to obtain than CSF. Additionally, plasma sCD163 measurements may guide Neuropsychologists in determining if a comprehensive neurocognitive test battery is needed. Elevated plasma sCD163 is found in other diseases with neurologic symptoms, but it is associated but not correlative with disease. This is likely because diseases like multiple sclerosis that have elevated sCD163 are not driven only by macrophages [12] . sCD163 does correlate in Gaucher disease, hemophagocytic syndrome and macrophage activation syndrome [12] , all of which are primarily macrophage driven. These data underscore the potential importance of chronic innate immune activation in general, and monocyte/macrophage in particular with regard to CNS disease during HIV.
Our previous study of 30 chronic and 14 early HIVinfected patients found an association of sCD163 with CD14 þ CD16 þ monocytes and HIV activity [9] . We also found a correlation of sCD163 with noncalcified plaques in 102 HIV-positive men [10] and with arterial inflammation in 27 HIV-infected patients with cardiac disease [11] . Additionally, sCD163 was significantly increased in 65 obese patients compared with 30 normal-weight controls [43] . Recently, there have been reports of correlations between patients who are obese or have cardiovascular disease with dementia. It is likely all of these contribute to HIV-associated neuropsychological impairment, wherein macrophages are central players.
Further studies on HIV-associated neuropsychological impairment should focus on CD14 þ CD16 þ monocytes in blood that may drive HAND neuropathogenesis. In addition, research focused on chronic CNS inflammation and neuroimaging studies with plasma sCD163 may be informative. Overall, these data underscore the important role of immune activation in neurological impairment of HIV-infected patients. We suggest that sCD163, a marker of macrophage activation, is a potential biomarker in the plasma for neurocognitive impairment in HIV-infected individuals.
